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Abstract Using a PCR-based approach, we have isolated two
Arabidopsis thaliana cDNA clones (K1 and K2) encoding the K-
subunit of translation elongation factor 1B (eEF1BK). They
encode open reading frames of 228 and 224 amino acids
respectively, with extensive homology to eEF1BK subunits from
different organisms, particularly in the C-terminal half of the
protein. They both lack a conserved phosphorylation site that has
been implicated in regulating nucleotide exchange activity. Using
a plasmid shuffling experiment, we demonstrated that both K1
and K2 clones are able to complement a mutant yeast strain
deficient for the eEF1BK subunit. This provides evidence that
Arabidopsis encodes at least two functional isoforms of this
subunit, termed eEF1BK1 and eEF1BK2. A third cDNA clone
was isolated that appeared to result from an alternative splicing
event of the eEF1BK1 gene.
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1. Introduction
Elongation factor 1 (eEF1, the old designation being EF-1)
plays a central role in the elongation step of protein biosyn-
thesis (reviewed in [1]). It catalyzes the GTP-dependent bind-
ing of aminoacyl-tRNA to the aminoacyl site on ribosomes
concomitant with the hydrolysis of GTP. Elongation factors
from a wide variety of eukaryotic cells are very similar to each
other in structure and function [2]. eEF1 from various eukary-
otes such as wheat and Artemia salina is composed of four
di¡erent subunits, eEF1A, eEF1BK, eEF1BL and eEF1BQ [3].
eEF1A reacts with GTP and aminoacyl-tRNA to form a ter-
nary complex, while eEF1BKLQ catalyzes the exchange of
GDP bound to eEF1A with exogenous GTP and stimulates
the eEF1A-dependent aminoacyl-tRNA binding to ribosomes.
Compared with eEF1A (the old designation being EF-1K),
there is a paucity of knowledge concerning the eEF1B sub-
units which are required for recycling eEF1A-GDP [1]. The
subunits eEF1BK (previously designated EF-1L’ in plants and
EF-1L in animals) and eEF1BL (previously designated EF-1L
in plants and EF-1D in animals) consist of two similar, but
non-identical proteins with indistinguishable guanine nucleo-
tide exchange activities [3] that di¡er in their ability to interact
with eEF1BQ (previously designated EF-1Q) [4]. The latter sub-
unit is suggested to ‘anchor’ the eEF1 complex in the endo-
plasmic reticulum [5].
While sequences for eEF1A cDNAs have been reported in
many plant species including Arabidopsis thaliana (reviewed in
[6]), less information is available regarding the genes encoding
the eEF1B subunits. Amino acid sequences of plant cDNAs
for the eEF1BK subunit have been described only in rice and
wheat [7,8], those corresponding to eEF1BL subunit have
been reported in rice and Arabidopsis [9,10], while only the
rice eEF1BQ cDNA sequence is available so far [11]. Although
a number of expressed sequence tags from various plant spe-
cies displaying homologies with these sequences can be found
in sequence databases, evidence for their functionality is still
lacking.
In order to enlarge our knowledge about plant eEF1B sub-
units, we have cloned and analyzed cDNAs encoding A. thali-
ana eEF1BK. We show that there exist at least two genes
encoding this subunit and that both are able to complement
the corresponding yeast mutant, demonstrating that two iso-
forms of this subunit are present and functional in A. thaliana.
2. Materials and methods
2.1. Database search and primer design
Using the rice and wheat eEF1BK amino acid sequences [7,8], a
search was performed within the A. thaliana database (genome-
www.stanford.edu/Arabidopsis) using the TBLASTX program. A 80
kb genomic clone named MXC9 and located on chromosome 5 (ac-
cession number AB007727) was retrieved, whose deduced protein se-
quence displayed high homology with wheat and rice eEF1BK sub-
units (e numbers ranging from 6.3Ue336 to 6.2Ue337). Because the
N- and C-termini of the protein sequences were highly conserved,
speci¢c primers were designed to PCR amplify the corresponding
Arabidopsis open reading frame within a cDNA library. Primer 1
CCGGGATCCCAATGGCGGTTACATTTTCTGAT and primer 2
CTGAATTCTGTCTAAATCTTGTTAAAAGCGAC correspond re-
spectively to nucleotides 22 985^23 007 (top strand) and 24 239^24 216
(bottom strand) of the genomic clone MXC9 and contain BamHI and
EcoRI sites, respectively (underlined).
2.2. PCR and cloning
The A. thaliana Matchmaker cDNA library (Clontech), containing
3U106 independent clones, was used as a template. The PCR reaction
was performed in a total volume of 100 Wl containing 200 ng of
template, 0.75 WM of each primer, 0.2 mM dNTP and 5 U of Pfu
polymerase (Stratagene). After a 5 min denaturation step at 94‡C, 25
cycles were performed, consisting of denaturation at 94‡C for 30 s,
annealing at 56‡C for 1 min and elongation at 72‡C for 2 min. The
ampli¢ed fragments were separated on a 1% agarose gel, puri¢ed,
digested with BamHI and EcoRI restriction enzymes and subcloned
into the similarly restricted pACT2 vector (Clontech).
2.3. Sequence analysis and sequence comparisons
DNA sequencing was performed on an ABI PRISM 377 DNA
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sequencer (Applied Biosystem) using a BigDye Terminator Sequenc-
ing kit (Applied Biosystem).
Protein alignments were performed with the CLUSTAL W program
of the expasy package (www.expasy.ch/tools) and viewed with the
BOXSHADE program (franklin.burnham-inst.org/box).
2.4. Functional complementation assay by plasmid shu¥ing
The LEU2 expression vector pACT2v was constructed by digesting
the pACT2 plasmid (Clontech) with HindIII followed by religation, in
order to eliminate a 758 bp fragment encoding the Gal4 activation
domain. Cloning of the A. thaliana eEF1BK cDNA clones in
pACT2v, between the yeast ADH1 promoter and terminator, was
performed by homologous recombination in yeast [12]. Primers 3
TCAAGCTATACCAAGCATACAATCAACTCCAAGCTTATGG-
CGGTTACATTTTCTGATCT and 4 ACTTGACCAAACCTC-
TGGCGAAGAAGTCCAAAGCTTCTAAATCTTGTTAAAAGCG-
ACAAT were used to PCR amplify the Arabidopsis K1, K2 and K3
cDNA clones. These primers contain 24 nucleotides identical to the 5P
and 3P ends of the A. thaliana eEF1BK cDNA clones, respectively, and
36 nucleotides homologous to pACT2v (underlined) to promote in-
tegration in the vector. 500 ng of PCR products was then transformed
together with 500 ng of HindIII-linearized pACT2v vector into the
JWY4200 yeast strain (MATa ura3-52 trp1-v101 lys2-801 leu2-v1
his3-v200 tef5: :TRP1 [pJWB2937 TEF5 URA3 CEN4] [13]). Trans-
formants were selected on a medium lacking leucine and uracil (3LU)
and the presence of the expected plasmid was con¢rmed by PCR
ampli¢cation using pACT2v-speci¢c primers followed by a digest
with restriction enzymes (HaeIII and SmaI) that discriminate between
K1 and K2 cDNA clones. One colony of each yeast transformant was
then streaked onto a medium containing 1 g/l of 5-£uoroorotic acid
(5FOA) and was grown at 30‡C for 3 days to promote the loss of the
URA3 plasmid pJWB2937 expressing yeast TEF5.
3. Results and discussion
3.1. PCR-based isolation of A. thaliana eEF1BK cDNAs
Database searches with the amino acid sequence of rice and
wheat eEF1BK [7,8] led to the identi¢cation of a fragment of
A. thaliana chromosome 5, named MXC9, that putatively
contained the coding sequence for the Arabidopsis homologue
of this subunit. Based on this homology, speci¢c primers were
designed and PCR ampli¢cations were performed using an
Arabidopsis cDNA library as template. Two PCR products
of ca. 700 and 800 bp were obtained, the former being the
most abundant (Fig. 1). After subcloning these products into
the pACT2 vector, the sequence analysis of two independent
clones corresponding to the 700 bp PCR product revealed the
existence of two di¡erent types of cDNA molecules, that we
designated K1 and K2. Although these molecules are highly
homologous, they can be di¡erentiated by their restriction
pattern using EcoRI and SmaI restriction enzymes. Based
on this restriction polymorphism, 12 additional clones were
analyzed and were found to correspond to K1 and K2 cDNAs
in equal proportion (data not shown). Cloning and sequenc-
ing of the 800 bp fragment revealed the existence of a third
type of cDNA molecule, that we designated K3.
The nucleotide and deduced amino acid sequences of K1
and K2 cDNAs are presented in Fig. 2. By sequence compar-
ison, we were able to assign K1 cDNA to the genomic se-
quence previously retrieved from the Arabidopsis database.
Fig. 1. PCR ampli¢cation of the A. thaliana cDNA library using
EF1BK-speci¢c primers. Lane 1: DNA molecular weight markers
(1 kb ladder, Life Technologies); lane 2: DNA products obtained
after PCR ampli¢cation of the Arabidopsis cDNA library with prim-
ers 1 and 2. The fragments of ca. 0.7 kb and 0.8 kb are indicated
by a full arrow and a dashed arrow, respectively.
Fig. 2. Nucleotide and deduced amino acid sequences of K1 (A) and
K2 (B) cDNA clones. The nucleotide sequence of the primers used
to PCR amplify the cDNAs is boxed. The stop codons are indicated
by asterisks. The EMBL accession numbers for K1 and K2 cDNAs
are AJ249596 and AJ249597, respectively.
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Five introns were identi¢ed (Fig. 3), whose splice sites are in
good match with the Arabidopsis intron splice site consensus
sequence [14], and whose length, ranging from 85 to 169 nu-
cleotides, is in good agreement with the standard length of
Arabidopsis introns (ca. 100 nucleotides) [14]. Because the
PCR-ampli¢ed fragment was limited to the coding sequence
of eEF1BK, the 5P and 3P non-coding regions of the di¡erent
cDNAs are therefore not available.
The protein encoded by K1 is 228 amino acids long with a
calculated molecular weight of 24 788 Da, while K2 encodes a
slightly shorter protein product (224 amino acids) with a cal-
culated molecular weight of 24 201 Da. Both proteins are ex-
tremely similar to each other (93% similarity and 81% iden-
tity) and present higher homology to wheat and rice eEF1BK
subunits (ranging from 83% to 88%) than to the Arabidopsis
eEF1BL subunit (81%) (Table 1). This extensive homology
strongly suggests that these two cDNA clones encode the
eEF1BK subunit of A. thaliana. The cloning of these two
cDNAs therefore provides evidence that at least two genes
Fig. 3. Comparison of MXC9 genomic DNA fragment with K1 and
K3 cDNA clones. Exons are represented by shaded boxes. The num-
bers refer to the nucleotide positions in the MXC9 genomic DNA
fragment or in the cloned cDNAs. The EMBL accession number
for K3 cDNA is AJ249598.
Fig. 4. Amino acid sequence comparison of eEF1BK subunits from di¡erent organisms. Sequence alignment was performed with CLUSTAL W
and viewed with BOXSHADE. Regions of identity (black-shaded) and similarity (gray-shaded) are indicated. The serine residue that is phos-
phorylated in A. salina eEF1BK [15] is indicated by an asterisk. Sequences used in the alignment are from S. cerevisiae (S.c.), C. elegans (C.e.),
A. salina (A.s.), X. laevis (X.l.), H. sapiens (H.s.), A. thaliana (A.t.K1 and A.t.K2), T. aestivum (T.a.) and O. sativa (O.s.). The accession num-
bers are identical to those described in Table 1.
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are present in this plant. We named the corresponding pro-
teins eEF1BK1 and eEF1BK2.
K3 cDNA, which is present in lower amounts in the cDNA
library (Fig. 1), appeared to derive from the same genomic
sequence as K1. However, it is likely to result from a partial
maturation process of the K1 mRNA or from an alternative
splicing event since it contains 99 additional nucleotides that
are identical to the ¢rst intron of the corresponding genomic
sequence MXC9 (Fig. 3). Because the presence of this un-
spliced intron generates a stop codon prematurely in the cod-
ing sequence, K3 cDNA encodes a putative truncated protein
of 29 amino acids.
3.2. Comparison of amino acid sequences from di¡erent
organisms
Table 1 presents the overall homology and identity levels
between the eEF1BK subunits of Arabidopsis and the eEF1BK
and eEF1BL subunits from other organisms. Although the
highest homology was observed between Arabidopsis
eEF1BK1, eEF1BK2 and wheat and rice eEF1BK subunits,
extensive homology (between 66% and 71%) was also ob-
served upon comparison with eEF1BK subunits from other
organisms. The extent of homology with eEF1BL subunits
from di¡erent organisms was also signi¢cant although weaker
than the corresponding eEF1BK subunit.
As shown in Fig. 4, the C-terminal half of the protein
(residues 138^228 of Arabidopsis eEF1BK1) corresponds to
the most conserved region. Because this domain of A. salina
eEF1BK has been shown to retain the guanine nucleotide ex-
change activity [3], it is likely that both Arabidopsis eEF1BK1
and eEF1BK2 subunits possess a similar function in the GDP/
GTP exchange reaction.
It has been demonstrated previously that phosphorylation
of A. salina eEF1BK by casein kinase II on the Ser-89 residue
a¡ects the GDP/GTP exchange rate on eEF1A [15]. Interest-
ingly, this target serine residue is conspicuously missing in
Arabidopsis eEF1BK1 and eEF1BK2 (Fig. 4), as observed pre-
viously in wheat and rice eEF1BK subunits [7,8]. This obser-
vation suggests that, similarly to the wheat eEF1BK [16,17],
the Arabidopsis eEF1BK subunits are probably not phos-
phorylated by casein kinase II. Whether plant eEF1 relies
on other di¡erent regulatory mechanisms remains to be deter-
mined.
3.3. Functional complementation of a yeast mutant
To gain a further insight into the role of these di¡erent
Arabidopsis eEF1BK subunits, we investigated whether they
were functional in yeast, by assaying their ability to comple-
ment a mutant yeast strain de¢cient for this subunit. We made
use of the yeast strain JWY4200 [13] that is disrupted in the
TEF5 gene encoding the yeast eEF1BK subunit. Because dis-
ruption of this gene is lethal, the mutant strain is rescued by
the TEF5 gene carried on an autonomous URA3 vector
pJWB2937. We therefore tested whether expression of Arabi-
dopsis K1 and K2 cDNA clones was able to rescue the strain
JWY4200, after promoting the loss of the vector pJWB2937.
This technique, known as plasmid shu¥ing [18], is based on
the counter-selection of yeast transformed with a vector har-
boring the URA3 marker gene, by plating them on a medium
containing 5FOA.
For this purpose, the expression vectors pFHK1 and
pFHK2 carrying the Arabidopsis K1 and K2 cDNA clones,
respectively, under the control of the yeast ADH1 promoter,
were constructed. They derive from the pACT2v vector and
possess the LEU2 marker gene. Each expression vector was
transformed into the tef5 mutant yeast strain containing the
pJWB2937 plasmid and transformants were selected by plat-
ing the cells on a medium lacking leucine and uracil (3LU).
Control experiments were performed using the empty vector
Table 1
Percentage of homology (and percentage of identity) between the
eEF1BK subunits of Arabidopsis and eEF1BK and eEF1BL of di¡er-
ent organisms
eEF1BK Arabidopsis eEF1BK1 Arabidopsis eEF1BK2
Wheat 83.3 (67.1) 85.7 (69.6)
Rice 86.4 (69.3) 88.0 (68.9)
Yeast 69.4 (36.7) 66.7 (37.7)
Nematode 70.8 (42.9) 71.4 (43.7)
Brine shrimp 69.8 (42.2) 67.1 (41.7)
Xenopus 70.5 (44.9) 70.0 (43.8)
Human 71.3 (45.7) 70.0 (43.5)
eEF1BL
Arabidopsis 81.5 (56.5) 81.5 (57.3)
Rice L1 84.3 (59.4) 84.7 (60.7)
Rice L2 84.7 (58.5) 86.3 (59.3)
Brine shrimp 64.2 (37.0) 66.0 (38.4)
Xenopus 65.3 (35.0) 62.3 (36.5)
Human 61.6 (35.2) 56.0 (32.7)
Sequences (Swiss-Prot accession numbers) used in this comparison
are from Triticum aestivum eEF1BK (P29546), Oryza sativa eEF1BK
and eEF1BL (P29545 and Q40680), Saccharomyces cerevisiae
eEF1BK (P32471), Caenorhabditis elegans eEF1BK (P34460), A. sali-
na eEF1BK and eEF1BL (P12262 and P32192), Xenopus laevis
eEF1BK and eEF1BL (P30151 and P29693), Homo sapiens eEF1BK
and eEF1BL (P24534 and P29692) and A. thaliana eEF1BL
(P48006).
Fig. 5. Complementation assay of the yeast tef5 mutant strain. The
yeast tef5 mutant strain JWY4200 complemented with the URA3
vector pJWB2937 expressing the yeast TEF5 gene was transformed
with LEU2 vectors pFHK1 and pFHK2 expressing K1 and K2
cDNA clones of Arabidopsis, respectively. Control experiments were
performed using the empty vector pACT2v, or the LEU2 vector
pJWB3013 that expresses the yeast TEF5 gene. One colony of each
transformant was streaked onto 3LU and 5FOA plates and incu-
bated for 3 days at 30‡C.
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pACT2v or the plasmid pJWB3013 that expresses the yeast
TEF5 gene and the LEU2 marker gene. Loss of the vector
pJWB2937 was then promoted by streaking independent col-
onies of each transformant on 5FOA-containing medium, and
the survival of the cells was observed after 3 days at 30‡C.
We observed that the plasmids pFHK1 and pFHK2, ex-
pressing the Arabidopsis eEFIBK1 and eEFIBK2 subunits, re-
spectively, were able to complement the yeast tef5 mutant
strain, as did the plasmid pJWB3013 that expresses the yeast
TEF5 gene (Fig. 5). No growth was observed when the yeast
mutant strain was transformed with the empty vector
pACT2v.
These results demonstrate that the Arabidopsis eEF1BK1
and eEF1BK2 subunits not only display sequence similarity
to other eEF1BK subunits but also represent their functional
homologues. Interestingly, the existence of di¡erent isoforms
of elongation factors has already been reported in various
organisms including plants. Drosophila encodes two eEF1A
subunits which are di¡erently regulated during development
[19] and four genes encoding this subunit have been described
in Arabidopsis and rice [20,21]. eEF1BL subunit is encoded by
four di¡erent genes in human [22] and by two genes in rice,
whose expression displays a tissue-speci¢c pattern [23]. The
expression pattern and the role of each isoform of Arabidopsis
eEF1BK has yet to be determined, but their molecular cloning
should now facilitate molecular and genetic approaches to
de¢ne the regulatory mechanisms of plant eEF1 complex.
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